ABSTRACT: The solution analogues of four single gas adsorption equations have heen examined. The derived expressions have been applied to the description of the experimental adsorption isotherms on to microporous active carbons from hinary liquid solutions with limitedcomponent miscibility. Statistical analyses of the individual adsorption equations.as well as comparisonsof the optimized results ohtained from different adsorption equations. have heen undertaken.
INTRODUCTION
For many years. the theoretical description of adsorption from the liquid phase on to solids has been realized with the aid of single gas adsorption equations in which the adsorptive pressure was replaced by the concentration in solution of the component under consideration. However, this method cannot be used for all ranges of the bulk phase composition. For this reason, investigations concerning the formulation of a new model suitable for the description of adsorption from solution have heen initiated. Among the various models and equations obtained, both simple ones (assuming. for example. the homogeneity of the adsorbent and ideality for the adsorbate) as well as more complicated relationships (hut which tend to characterize real adsorption systems more precisely) have heen formulated, An example of a process requiring a special form of description is that of adsorption on to structurally heterogeneous surfaces containing micropores. Considerations of this problem have led to the Theory of Volume Filling of Micropores (VFMT) (Dubinin 1972) based on Polanyi's potential theory of adsorption (Manes and Hofer 1969; Wohleber and Manes 1971a.b) , Both theories concern adsorption from the gaseous phase but have found equally wide application for the description of this phenomenon in the case of porous solid/liquid adsorbate systems. The description of adsorption from ideal (Oscik et al. 1976a.b) and non-ideal (Sircar and Myers 1973) non-electrolyte solutions with unlimited component miscibility has been discussed and, in further investigations (Dabrowski and Jaroniec 1979) . the possibility of adapting the Freundlich (F) and Duhinin-Radushkevich (DR) equations for the description of adsorption on to porous adsorbents from two-component non-electrolyte solutions has been considered.
The problem of the theoretical description of adsorption from binary liquid non-electrolyte solutions on to microporous solids has also been the subject of studies undertaken by the author and co-workers. The aim of these investigations was the derivation of the solution analogues for known adsorption isotherms from a one-component gaseous phase. The solution analogues of the F and DR equations were first formulated and relationships obtained for both limited (Garbacz et al. 1986 . 1992 . 1993 : Cysewski et 01. 1990 ) and unlimited (Garbacz et al. 1987 (Garbacz et al. , 1989 ) component miscibility in the bulk phase. In all cases considered, VFMT postulates formed the theoretical bases for the considerations presented. Verification of the expressions obtained was based on experimental data and confirmation of their applicability to the description and interpretation of adsorption equilibria in systems containing a binary liquid solution and a solid was achieved.
Again on the basis of VFMT, the author and co-workers then adapted four other single gas adsorption isotherms [i.e. the Langmuir-Freundlich (LF), the generalized Langmuir (GL), the Toth (T) and the LF-GL equations] to create a kind of 'family' of isotherms, in both the mathematical and physical sense, for the description of two-component solution/microporous solid systems (Ziolkowska and Garbacz 1997) . These new expressions were used successfully for the description of experimental data as well as for characterizing the energetic heterogeneity of the adsorption systems.
The work presented here is a continuation of our previous investigations. It concerns the statistical analysis of the solution analogues of the LF, GL, T and LF-GL equations as well as their comparison based on the convergence of the results obtained with the aid of the different relationships. The Student t-test method has been used as the basis for the calculations.
THEORETICAL
As mentioned above, four new adsorption equations were formulated in a previous paper (Ziolkowska and Garbacz 1997) . These relationships were derived as a result of a modification of the wellknown isotherms for gas adsorption and have been shown to be suitable for the description of the phenomenon in microporous solid/liquid non-electrolyte solution systems.
Applying the VFMT postulates, let us obtain solution analogues for the LF, GL. T and LF-GL equations which may be written in the common form:
I/y (I) where xldenotes the molar fraction of component' I' in the adsorption phase, A, Rand T stand for the chemical affinity involved in the creation of the equilibrium bulk phase, the gas constant and the temperature, respectively, while K is a measure of the mean adsorption affinity, E and n denote We have previously demonstrated that all the relationships (I) with chemical affinities expressed by equation (2) allow the experimental data to be described with satisfactory accuracy. However, this leaves unanswered the question as to the convergence of the results obtained with the aid of the different equations. To answer this, it is necessary to refer to statistical analysis.
In order to analyze the optimization results of the parameters of the new LF, GL, T and LF-GL equations, the Student t-test with N -2 degrees of freedom has been chosen. Proceeding in accordance with this method, it is first necessary to calculate the value of the correlation coefficients, q, for a pair of analyzed parameters and secondly to obtain the value of the parameter t which fits the value of the calculated correlation coefficients. The parameter t may be defined by the following relationship: (3) where N denotes the number of experimental systems examined.
Two results are possible from the above calculations:
I. t~w. where w =t n N _, and ex denotes a significant level; this result indicates that a significant correlation exists between the parameters examined. 2. t < w: this result indicates that there is no basis for the statistical significance of the correlation coefficient.
Thus. equations (I) and (2) provide the theoretical basis for our description and interpretation of the experimental data. However. equation (3) will be used as the criterion for the statistical analysis of the individual adsorption equations and, in addition, for a comparison of the optimization results obtained employing the different adsorption equations.
RESULTS AND CONCLUSIONS
Solution analogues of the LF, GL, T and LF-GL equations have been used for the description of the experimental excess adsorption isotherms. iimoOI, iimo06
Temperature ( (4) where n" stands for the number of moles of both solution components in the adsorption phase (per unit mass of adsorbent) and is, in general, the composition function for that phase. Calculations have been carried out utilizing the fact that n S is a function of the adsorption phase composition according to the relation (Dabrowski 1985): nS=nl.l/[1 +(r-l)xiJ (5) where ntll stands for the number of moles of component' I' adsorbed by unit mass of adsorbent in the absence of component 2', while r is the ratio of the molar volumes of components 'I' and '2', respectively [r values for the adsorption systems examined are listed in Table 2 
The optimal values of the parameters n', B, K and z have been determined by the best-fit method employing the assumption that n = I (in a previous paper we demonstrated that when n is equal to unity the accuracy of the description of the experimental data is greatest). Moreover, the value of the correlation coefficient, q, has been calculated for every fit. The values thus obtained are listed in Tables 3-6 . The main aim of the next stage of these investigations was a statistical analysis of the new adsorption equations. First, the Student t-test was used to ensure that the parameters of each adsorption equation examined were linearly independent. With this in mind, the values of all the correlation coefficients, q, between all pairs of parameters from Tables 3-6 have been calculated as well as the t-values [equation (3)] fitting the respective correlation coefficients. The results obtained are listed in Table 7 (a) and depicted in Figure I .
Values of q and t for all pairs of "tween" parameters for the different equations were then determined. The results of this part of the calculation are presented in Table 7 (b) while the relation between the values of the parameters t and w for all cases analyzed are illustrated in Figure 2 .
In the last stage of the statistical analysis, correlation coefficients characterizing the accuracy of the description of the experimental data by the different adsorption equations have been compared. Such a comparison has been applied to only those equations which were convergent with respect to calculated values of the equation parameters. The results obtained in this case are shown in Figure 3 . Tables 3-7 • In general, the LF and GL, the LF and T. and the GL and T equations are characterized by a high degree of convergence. However, other pairs of expressions examined, i.e. LFILF-GL, GLILF-GL and TILF-GL. cannot be used interchangeably for determining the values of Band K. All solution analogues are convergent in terms of the predicted values of the parameter n'.
• In those adsorption systems where the bulk phase exhibits a limited component miscibility and assuming that n = I. the T equation provides the best description of the experimental data.
In summary. it may be stated that in terms of the considerations and calculations presented, an appropriate choice of the parameter values for the solution analogues of the LF, GL, T and LF-GL equations leads to satisfactory agreement between the theoretical description and the experimental data. In addition. all the adsorption equations discussed can be used interchangeably for the calculation of the n" parameter. The LF. GL and T equations also give satisfactory convergent values of the Band K parameters.
